A novel IMC (internal model control) PID tuning method is proposed for stable processes with time delay in the frequency domain. In the paper, the IMC controller is originally transformed into a classical feedback PID controller without approximating the time delay. The phase margin is used for an analytical approach of selecting controller parameter which is directly related to the dynamic performance and robustness of the system in IMC. The resulting analytical IMC-PID controller achieves almost the same control effect as IMC controller.
Introduction
Proportional-Integral-Derivative (PID) controllers are still widely used in industrial systems despite the significant developments in control theory and technology [1] since its easy maintenance and operation for a wide range of operating conditions. Extensive methods for the PID tuning had been explored in [2, 3] . However, it has been noticed that the conventional PID controller may not perform well for the complex processes, such as time-delay systems. Recently, the PID tuning rule based on internal model control (IMC) principle has been widely recognized and applied since it possesses the good quality of IMC controller. And the main advantage of IMC lies in the fact that its construct contains only one tuning parameter, namely the filter time constant, which is directly related to the dynamical performance and robustness of a control system [4] . Kaya [5] designed IMC controller by minimizing a weighted function of Integral square error (ISE). Besides, the robustness of control system is very important because the models are usually imprecise and the parameters of all physical systems may vary with the operating conditions and time. Hence, the robustness against parameters perturbation of the system is an important concern in process control [6, 7] . Phase margin is reflection of system robustness. Many scholars use this criterion to design the controller [8] . The desired margins were employed to determine the controller parameter in classic feedback control structure [9, 10, 11] and IMC strategy [12, 13] .
The key procedure of IMC-PID design is to find an appropriate PID controller to approximate the single-loop IMC controller. Furthermore, the most important thing in IMC controller designation is to dispose of the time delay in the denominator of controller. The low order approximate [7] always engenders the disadvantage that the resulting PID may not maintain the property of IMC controller exactly. Therefore, the proposal method devotes to handle the time delay without any approximation. In the paper, the analytical relationship is obtained between IMC controller parameters firstly. The IMC controller is tuned by adopting the exact margin (γ=65°) [12] . Furthermore, a novel analytical IMC-PID tuning method is proposed by converting IMC controller to PID form in terms of the frequency domain. Notably, no approximation is employed in the entire procedure of conversion. Therefore, the resulting PID control system maintenances the similar dynamical performance to the IMC system. Many studies suggest that γ 65°will usually be a good choice. In other words, we will use λ L ⁄ 0.6257 , w 0.6288 L ⁄ throughout the paper. The next step is to cast the K(s) into practical PID realization. First of all, we assume that the model matches process perfectly and there is no disturbance in system. The in K s is already a PI or PID controller, so the key point is to transform into a filter H(x) shown in Eq (8).
Only in this way can the IMC controller in Eq (3) realize perfectly. Bring s jw, x wL and 0.6257 into the Eq (6), the Eq (7) is obtained.
H x a
The central idea of transformation process is in a frequency perspective: the PID controller is designed by achieving the same magnitude and angle as the IMC controller on the two points (the magnitude cross-over and the phase cross-over frequency of the system). Under the condition of γ 65°and the corresponding gain margin K 2.701, the equation group (9) can be solved by MATLAB.
In Eq (9), x 0.6288 x 2.1992. In this paper PID form is given in Eq (10). Therefore, the analytical PID parameters are displayed in Table 1 . 
Robustness Analysis of the PID Controller
The robustness analysis of the proposed controller is done using the equivalent classic feedback control system shown in Fig 2. The parameters of PID controller are displayed in Table 1 . Here, the paper uses maximum sensitivity which is the index of robustness to prove the robustness of system. The value of Ms (1.2-2.0 [7] ) is the reciprocal of the shortest distance from the Nyquist curve of the open loop transfer function to the critical point (-1, j0). So the distance function d can be expressed as following: 
Owing to that the nyquist curve is symmetric, so it only needs to consider the domain x 0. Although seems very complex, the function d only related to the size of the x. The minimum value of d 0.6205 is obtained through the derivative of x. Therefore, the maximum sensitivity is Ms 1.6115.
When there is uncertainty in processes, which can be given by
According to the standard M ∆ structure for robustness analysis, the perturbed closed-loop structure with the process uncertainty holds robust stability if and only if [14] ‖T‖ ∞ ‖∆‖ ∞ (16)
In Fig 2, the complementary sensitivity T of the system is
T jw (17)
Either the process is FOPDT or SOPDT, the complementary sensitivity of system shown as following by inserting the Eq (10) into the Eq (17):
The maximum value of ‖T jw ‖ ∞ is 1 when the wL 0. When it comes to the IMC structure, the T can be obtained as:
The maximum value of ‖T jw ‖ ∞ is 1 when the wL 0. It is clearly that the proposed PID method achieves the same robustness degree as the IMC strategy.
Simulation Results
Several examples are given to illustrate the effect of the proposed method. We can get the parameter of IMC and IMC-PID controller from Table 1 when γ 65°. The parameters of the PID controller proposed by Ibrahim Kaya are based on the same maximum sensitivity as the proposal method. The examples and controllers are summarized in Table 2, Table 3 . The simulations shown in Fig 4, Fig 5  and Fig 6 are the step response of the system. In the figures, the intermediate, left and right curves are the nominal case, -20% and 20% perturbation in the time delay, respectively. The nyquist curves of high-order process and model are displayed clearly. Besides, the value of phase margin, maximum sensitivity and ISE of the methods are shown in Table 4 . The proposed IMC and PID methods attain the exact margin. It can be seen clearly that the resulting PID controller maintain almost the same property as IMC controller. The red line, black dashed line and blue short dotted line are the proposed PID, IMC and Kaya's method in the above diagrams, respectively. 
Conclusions
The proposal IMC-PID controller maintains the same performance and robustness as IMC controller, which is clearly shown in table 4 and figures. In table 4, the desired control effect has been achieved by proposed PID controller.The approximating method by Kaya I provides the slower response with some overshoot under the condition of the same robustness degree. It is well known that the performance and robustness are a pair of contradiction in the single-loop system. The Kaya's approximating method is also able to provide good tracking performance but the corresponding response process will be very sluggish. The paper puts forward the method to realize the perfect transformation between IMC and PID controller. The main advantage of the proposed method lies in that the PID both owns the equality of IMC and classic PID. According to the proposal PID form, one can determine the controller parameters as long as the models are known. The figures and Table 4 reveal that the proposed PID can achieve the same control effect as the IMC controller based on the same robustness degree. In other words, the proposal IMC-PID can be seen as a simple form of PID easy to implement.
